In most animals, primordial germ cells (PGCs) originate from an extragonadal region and migrate across the embryo to the gonads, where they differentiate and function. During their migration, PGCs move passively by morphogenetic movement of the embryo or move actively through signaling molecules. To uncover the underlying mechanism of first-phase PGC migration toward the germinal crescent in chickens, we investigated the spatial and temporal action of PGCs during primitive streak formation. Exogenously transplanted PGCs migrated toward the anterior region of the embryo and the embryonic gonads when they were transplanted into the subgerminal cavity, but not into the posterior marginal zone, in Eyal-Giladi and Kochav stage X embryos. These results indicate that for passive migration toward the anterior region the initial location of PGCs should be the central region. Notably, although PGCs and DF-1 cells migrated passively toward the anterior region, only PGCs migrated to the germinal crescent, where endogenous PGCs mainly reside, by active movement. In a live-imaging experiment with green fluorescence protein-expressing transgenic embryos, exogenous PGCs demonstrated markedly faster migration when they reached the anterior one-third of the embryo, while somatic cells showed epiblast movement with constant speed. Also, migrating PGCs exhibited successive contraction and expansion indicating their active migration. Our results suggest that chicken PGCs use sequential passive and active forces to migrate toward the germinal crescent.
Introduction
In embryogenesis, either passive or active migration of cells plays a central role for the development and morphogenesis of organisms. During passive migration, cells are transferred by motile neighboring cells. In contrast, the actively migrated cells move via a dynamic and integrated system including morphological polarization, membrane extension, and change in moving speed governed by various molecular mechanisms (Lauffenburger & Horwitz 1996) . In particular, spatially and temporally appropriate migration of cells in embryogenesis is closely related to their fate decision. Thus, studies on cell migration mechanism help us to understand the characteristics and differentiation of cells.
In most animals, primordial germ cells (PGCs), the precursors of functional gametes, are segregated from somatic cell lineages in the initial developmental phase, although they are specified by two different mechanisms in different species: preformation and induction (Extavour & Akam 2003) . In addition to their early segregation, one of the conserved and striking features of PGCs is their unique migration pathway. During migration toward their destination, PGCs are regulated by intrinsic and extrinsic guidance mechanisms, which utilize signaling pathway-related and adhesion-related molecules (Richardson & Lehmann 2010) . Because proper cell migration is crucial for normal embryo development and tissue differentiation (Franz et al. 2002) , studying the migration mechanism of PGCs is also important for understanding the biology of other migrating cell types.
Chicken PGCs are normally located in the central region of the area pellucida, which contains both the epiblast and hypoblast before primitive streak formation (Ginsburg & Eyal-Giladi 1987) , and initiate their migration from this region. Chicken PGCs have three major migratory routes before they settle within the developing gonads. First, they migrate from the central region of the area pellucida at Eyal-Giladi and Kochav (EGK) stage X to the germinal crescent at Hamburger and Hamilton (HH) stage 4 , Eyal-Giladi & Kochav 1976 , Ginsburg & Eyal-Giladi 1986 . Second, they undergo circulation in extraembryonic blood vessels during HH stages 12-15 (Swift 1914 , Fujimoto et al. 1976 . Finally, they settle down in the genital ridges at HH stage 17 (Fujimoto et al. 1976) . Several studies have uncovered the mechanisms by which the PGCs become lodged in the vascular system and colonize the gonads (Stebler et al. 2004 , De Melo Bernardo et al. 2012 . However, how they migrate toward the anterior region called the germinal crescent is less well studied.
To elucidate the mechanism of chicken PGC migration, we conducted spatial and temporal analyses during their first-phase migration from the central region of the area pellucida toward the germinal crescent. We investigated the migration route of fluorescently labeled exogenous PGCs that were transplanted into EGK stage X embryos and compared it with that of endogenous PGCs and somatic cells. Based on our results, we explain that passive and active forces sequentially regulate the migration of PGCs toward the germinal crescent.
Materials and methods

Experimental animals and animal care
White Leghorn chickens were managed according to our standard operation protocols, and all experimental procedures were approved by the Institutional Animal Care and Use Committee of Seoul National University, before the experiments were performed (SNU-070823-5). Transgenic (TG) embryos expressing green fluorescent protein (GFP) under the control of the cytomegalovirus (CMV) promoter were derived in our previous study (Park & Han 2012) .
Whole-mount in situ hybridization
To make hybridization probes, total RNA from magnetic-activated cell sorting-positive PGCs at E6.5 was reverse-transcribed, and the resulting cDNA was amplified using chicken deleted in azoospermia-like (cDAZL)-specific primers (F, 5 0 -CGT CAA CAA CCT GCC AAG GA-3 0 and R, 5 0 -TTC TTT GCT CCC CAG GAA CC-3 0 ; product size 540 bp), as described previously (Rengaraj et al. 2010) . PCR products of the correct size were cloned into the pGEM-T vector (Promega). After sequence verification, the recombinant plasmids containing the gene were amplified using T7-and SP6-specific primers (T7, 5 0 -TGT AAT ACG ACT CAC TAT AGG G-3 0 and SP6, 5 0 -CTA TTT AGG TGA CAC TAT AGA AT-3 0 ) to prepare the template for labeling the hybridization probes. Digoxigenin (DIG)-labeled sense and antisense cDAZL hybridization probes were transcribed in vitro using a DIG RNA labeling kit (Roche Diagnostics). A standard protocol for whole-mount in situ hybridization in chickens was followed (Stern 1998) .
Migration assay
In vitro cultured PGCs with or without GFP expression (Park & Han 2012) and DF-1 cells (a continuous chicken embryonic fibroblast cell line) were labeled with PKH26 fluorescent dye (Sigma-Aldrich) and then transferred into the subgerminal cavity or the posterior marginal zone (PMZ) of EGK stage X embryos. After sealing with Parafilm, eggs were further incubated at 37-38 8C under 60-70% relative humidity until HH stage 4 (18 h of incubation) or 10 (34 h of incubation) (Hamburger & Hamilton 1992) . The embryos were detached from the yolk and transferred to saline to facilitate the removal of the yolk and vitelline membrane. To assay migration into the gonads, eggs were incubated for an additional 6 days until stage 28. Then, gonads and mesonephric kidneys were retrieved from the recipient embryos. The harvested embryos and gonads were fixed with 4% (w/v) paraformaldehyde in 1! PBS for further immunostaining or observed under an AZ100 multipurpose zoom confocal microscope (Nikon Corporation, Tokyo, Japan).
Whole-mount immunohistochemistry with cDAZL antibody
The polyclonal antibodies against cDAZL were produced by immunizing host rabbits with a synthetic peptide corresponding to residues near the N-terminus of cDAZL (SANAEAQCGSI-SEDNTH, amino acids 2-17). The specificity of cDAZL antibody on chicken PGCs was tested by co-immunostaining of in vitro cultured PGCs with anti-SSEA1 and cDAZL antibodies (Santa Cruz Biotechnology; Supplementary Fig. S1 , see section on supplementary data given at the end of this article). To label endogenous PGCs, the harvested whole-mount embryos were washed three times with PBS and blocked with blocking buffer (PBS containing 5% goat serum and 1% BSA) for 1 h at room temperature. The samples were then incubated at 4 8C overnight with rabbit anti-cDAZL. After washing with PBS three times, embryos were incubated with secondary antibodies labeled with FITC (Santa Cruz Biotechnology) for 4 h at room temperature. The embryos were washed with PBS three times and visualized under the multipurpose zoom confocal microscope.
Time-lapse imaging with ex-ovo culture and migration assays PKH26-labeled PGCs were transplanted into the subgerminal cavity of GFP_TG embryos at EGK stage X and ex ovo cultured for time-lapse imaging using a confocal microscope. The ex ovo culture was performed using an improved shell-less culture system (Yalcin et al. 2010) . Briefly, cling wrap was affixed circumferentially on plastic cups containing warm sterile water using a rubber band to make a hammock. The embryos with yolks and albumin were placed onto the hammock. Then, a Petri dish was placed on top of the cup to seal the embryo. The embryo with the best morphology was selected and cultured in a Chamlide incubator (Live Cell Instrument, Seoul, Korea) at 37.8 8C. Time-lapse images were taken using the AZ100 multipurpose zoom confocal microscope. To track selected cells, manual tracking was performed using NIS-elements (Nikon) according to the manufacturer's guidelines. The centers of the manually selected cells were designated at each time point and the velocity of the cells was calculated based on the distance between their positions at two consecutive time points.
Statistical analyses
Statistical Analysis System software (SAS Institute, Cary, NC, USA) was used for analysis of all numerical data. Treatments were compared using the least-square difference or Duncan method, and ANOVA was used to determine the significance of the main effects. The level of significant differences was set at P!0.05.
Results
Distribution of PGCs during primitive streak formation
To identify PGCs in whole embryos, cDAZL probes were used as a PGC-specific marker. At EGK stage XII (2 h of incubation), most of the PGCs were located in the central region. At HH stage 2 (6 h of incubation), some of PGCs exhibited anterior position. At HH stage 3 (12 h of incubation), many PGCs were gathered in the anterior region. At HH stage 5 (22 h of incubation), most of the PGCs were clearly located in the germinal crescent region (Fig. 1 ).
Passive migration of PGCs depends on their initial location
To investigate the migratory pathway of PGCs during their first-phase of migration, PKH26-labeled exogenous PGCs were transplanted into the subgerminal cavities of EGK stage X embryos ( Fig. 2A ). During incubation, exogenous PGCs migrated and became located in the marginal area of HH stage 4 embryos, mostly in the anterior region (Fig. 2B ). When PKH26-labeled DF-1 cells were transplanted as a control, they migrated and became located in the extreme marginal area of the embryo at HH stage 4 (Fig. 2C) . Thus, both exogenous PGCs and DF-1 cells migrated toward the anterior marginal zone when they were transplanted into the subgerminal cavities of EGK stage X embryos (nO4 for both PGCs and DF-1 cells). Next, to access the ability of PGCs to migrate toward the anterior region, PKH26-labeled cells were transplanted into the posterior end (PMZ) of EGK stage X embryos (Fig. 2D) . The embryos were further incubated until HH stage 10 to give PGCs more time to migrate toward the anterior region (nO4). At HH stage 10, PGCs had not reached the anterior region, but they had migrated and were located in the posterior half of the embryo (Fig. 2E ). Exogenous DF-1 cells showed a similar pattern to PGCs (nO4; Fig. 2F ).
When the embryos were further incubated until the embryonic day 6, PGCs transplanted into the subgerminal cavity migrated toward the embryonic gonads (nO20). In contrast, PGCs transplanted into the PMZ did not migrate toward the gonads (Fig. 3) . The above experiments confirm that PGCs transplanted into the subgerminal cavity could only migrate passively toward the anterior region of the embryo during hypoblast formation and contribute to germline development. 
Active migration of PGCs toward the germinal crescent region
To clarify the ability of PGCs to migrate toward the germinal crescent region after injection into the subgerminal cavity, PKH26-labeled or GFP-expressing cell-transplanted embryos and non-transplanted embryos were incubated until HH stage 4. At HH stage 4, the non-transplanted embryos were immunostained with anti-cDAZL antibody to identify endogenous PGCs and to compare their location with that of exogenous PGCs. Most of the exogenous PGCs were located in the germinal crescent region ( Fig. 4A and C), as were most cDAZL-expressing endogenous PGCs (Fig. 4D) . In contrast, most DF-1 cells were located outside of the germinal crescent region ( Fig. 4B and C) . Thus, the exogenous PGCs and DF-1 cells were differently located in relation to the germinal crescent region, although both cell types migrated toward the anterior zone. In addition, cDAZL-expressing endogenous PGCs located laterally in the anterior region showed a polarized and amoeboid morphology, an indicator of active cell migration (Fig. 4D ).
Active migration of PGCs toward the anterior head region before they enter the blood circulation
To investigate the ability of PGCs to migrate toward the anterior head region before they enter the circulation, PKH26-labeled or GFP-expressing cell-transplanted embryos and non-transplanted embryos were incubated until HH stage 10. At HH stage 10, non-transplanted embryos were immunostained with anti-cDAZL antibody to identify endogenous PGCs and to compare their location with that of exogenous PGCs. Most of the exogenous PGCs were located in the anterior region of the area pellucida near the embryonic head ( Fig. 4E and G). cDAZL-expressing endogenous PGCs were found in the same region (Fig. 4H) . DF-1 cells were detected laterally in the area opaca, away from the anterior head ( Fig. 4F and G) .
Tracking PGCs between EGK stage X and HH stage 2 by time-lapse imaging
We confirmed that subgerminal cavity-transplanted PGCs but not DF-1 cells can actively migrate into the germinal crescent region at HH stage 4 and incorporate into the anterior region of the area pellucida, although both cell types passively migrate toward the anterior marginal region. To clarify the mechanism of PGC migration toward the germinal crescent region, time-lapse live imaging of the embryos for 8 h (EGK stage X to HH stage 2) was done after PKH26-labeled PGCs were transplanted into the subgerminal cavity of GFP-expressing TG embryos at EGK stage X (Fig. 5) . The TG embryos express GFP ubiquitously under the control of the CMV promoter (Park & Han 2012) . Then, the movements of several cells located in the centers of embryos were monitored. Some of the endogenous cells in the central axis at EGK stage X migrated in a straight line and reached the anterior region, while other endogenous cells located laterally migrated in a curved or circular line (Fig. 5A , D, and G). These movements are identical to the normal migration of epiblast cells (Voiculescu et al. 2007) . However, the PKH26-labeled exogenous PGCs located differently in the central regions of embryos migrated toward the anterior region in a straight line and settled in the future germinal crescent region at HH stage 2 (Fig. 5B , E, and H). Thus, the exogenous PGCs showed apparent differences in migration pattern compared with somatic cells (Fig. 5C , F, and I). Since most of the traced cells showed anterior movement initially, changes in the migration speed of exogenous PGCs and somatic cells were investigated to clarify when and where active and passive forces of migration act (Fig. 6) . During the initial 4 h of culture (EGK stages X-XII), all selected cells maintained a constant speed until they reached the anterior onethird of the embryo. After 4 h, exogenous PGCs exhibited faster migration while the somatic cells maintained their constant speed (Fig. 6A) . The mean speed of exogenous PGCs increased significantly (P!0.05) after they reached the anterior one-third of the embryo, while that of somatic cells showed no significant change (Fig. 6B) . When PKH26-labeled DF-1 cells were transplanted, they maintained a constant speed until they reached the anterior one-third of the embryo, as somatic cells did ( Supplementary Fig. S2 , see section on supplementary data given at the end of this article). When we observed the morphological changes in the exogenous PGCs during their fast migration (Fig. 6) , most of the cells exhibited successive contraction and expansion, indicating active migration (Fig. 7) .
Discussion
The migration pathway of chicken PGCs before they settle in the embryonic gonads has been determined by studying the relative positions of PGCs during embryonic development. PGCs located in the central region of the area pellucida during cleavage stages populate the germinal crescent, the anterior arc-like border region between the area pellucida and area opaca, at HH stage 4 (Fig. 8A) , and migrate toward the genital ridges via the circulation (Swift 1914 , Fujimoto et al. 1976 ). However, details of the underlying mechanisms at each time point are largely unknown. In this study, we demonstrated the passive and active migration of PGCs, and the importance of PGCs' initial location in determination of cell migration toward the germinal crescent.
First, we confirmed the previous idea that PGCs migrate passively by morphogenetic movement of the hypoblast (Ginsburg & Eyal-Giladi 1986) . When transplanted into the subgerminal cavity in EGK stage X embryos, PGCs and somatic (DF-1) cells were located in the anterior border region at HH stage 4. These results indicate that when the cells land on the hypoblast, they are passively carried by the anterior movement of the hypoblast, as PGCs are if they are translocated from the epiblast to the hypoblast (Swift 1914 , Eyal-Giladi et al. 1981 , Ginsburg & Eyal-Giladi 1986 . Next, to further investigate the passive force toward the anterior region, PKH26-labeled exogenous cells were transplanted into the PMZ in EGK stage X embryos. Notably, PGCs and DF-1 cells did not reach the anterior region when the embryos were incubated until HH stage 10, which indicates that for normal migration towards anterior region, the initial location of PGCs should be the central region of the embryo. In our study, PGCs transplanted into the PMZ did not migrate into the embryonic gonads. Because PGCs should be positioned in the anterior region before entry into the embryonic circulation to use the anterior vitelline veins (De Melo Bernardo et al. 2012) , it seems reasonable that the site of PGC formation is the anterior region, not the central region as was thought. However, the anteroposterior (AP) axis does not develop at the time of PGC emergence in chicken. The cVG1 gene, an initiator of axis formation, is known to be expressed from EGK stage X (Seleiro et al. 1996) , and the first morphological indication of the AP axis formation of the area pellucida is in EGK stage VII (Eyal-Giladi & Kochav 1976) , although this is not well understood at the molecular level. However, chicken PGCs emerge at the initial cleavage stages (Tsunekawa et al. 2000) . We confirmed that PGCs migrate passively toward the anterior marginal region of the embryo during hypoblast formation and demonstrated the importance of the initial location of PGCs. In a previous study, however, PGCs near the germinal crescent around HH stage 4 showed an amoeboid morphology, indicating active cell migration (Ginsburg & Eyal-Giladi 1986) . Therefore, to confirm whether migration was only passive, we magnified the germinal crescent region with immunostaining of endogenous PGCs. Only exogenous PGCs were located in the germinal crescent, where endogenous PGCs are positive for cDAZL. DF-1 cells were clearly located away from the germinal crescent. Also, many endogenous PGCs showed an amoeboid morphology at HH stage 4. These results indicate that although both PGCs and DF-1 cells can migrate passively toward the anterior region, only PGCs can gather in the germinal crescent by active migration. When the embryos were further incubated to HH stage 10 after cell transplantation, only exogenous PGCs were located in the anterior region of the area pellucida, where endogenous PGCs are positive for cDAZL. PGCs located in this area are ready to enter the blood circulation through veins (Nakamura et al. 2007 ). However, most of the DF-1 cells were not located in this region. These results suggest that PGCs actively migrate toward the germinal crescent at HH stage 4 and the anterior region of the area pellucida at HH stage 10. To further clarify this point, molecular mechanisms governed by signaling should be investigated in further studies.
Based on our results, both passive and active forces are crucial for PGC migration. We further examined spatial and temporal aspects of passive and active migration through cell-tracking experiments with live imaging using GFP-TG. Centrally located exogenous PGCs at EGK stage X showed rapid movement toward the anterior border region, including both sides of the anterolateral regions, and most of them had already arrived at HH stage 2. When we checked the relative positions of endogenous PGCs during embryonic development by wholemount in situ hybridization, many of them were still located in the central region of the embryo at HH stage 2 (others were in the germinal crescent). This discrepancy between exogenous and endogenous PGCs can be explained by the difference in their initial positions (Ginsburg & Eyal-Giladi 1986) . Unlike the exogenous PGCs, which are located in the hypoblast under the epiblast after injection into the subgerminal cavity, endogenous PGCs migrate gradually from the epiblast toward the hypoblast until HH stage 4 (Ginsburg & Eyal-Giladi 1986) . During their movement, PGCs exhibited morphological changes, with successive contraction and expansion, indicating active migration (Ridley et al. 2003) . Endogenous somatic cells expressing GFP maintained normal epiblast movement (Hatada & Stern 1994) . Also, the migration speed of the exogenous PGCs increased markedly after 4 h of incubation when the PGCs reached the anterior onethird of the embryo. In contrast, somatic cells and DF-1 cells maintained a constant speed throughout the observation period. The dynamic increase in migration speed might be due to a gradient of chemoattractant spreading from the germinal crescent to the anterior one-third of the embryo (Bianco et al. 2007 , Mizoguchi et al. 2008 .
In this report, we propose a hypothesis for PGC migration toward the germinal crescent. After specification, PGCs are located in the central epiblast or hypoblast until EGK stage X. Then, they migrate toward the anterior region passively by morphogenetic radial movement of epiblast or linear movement of the hypoblast in the posteroanterior direction (Fig. 8B) . When the PGCs reach the anterior one-third of the embryo, they migrate actively toward the germinal crescent with increased speed, possibly in response to an unknown chemoattractant or chemorepellent (Fig. 8C) . We conclude that chicken PGCs use sequential passive and active forces to migrate toward the germinal crescent (Fig. 8D) .
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